For the most porous samples, the "R-curve behaviour" disappeared and subcritical crack growth was observed. The studies indicate that even highly porous 3YSZ structures (porosities exceeding 40 %) are feasible supports for SOFC/SOECs from a mechanical point of view.
Introduction
Solid oxide cells (SOCs) are high temperature electrochemical devices that can be operated as solid oxide fuel cells (SOFC) to transform fuel to electricity or "in reverse" in electrolysis mode (SOEC) to convert electricity and H2O and/or CO2 to fuel (hydrogen and/or synthesis gas/CO). An important and much studied SOC design employs the Ni-YSZ (Yttria stabilized zirconia) fuel electrode as the mechanical support in the cell, typically with a thickness of 200-1000 m, on top of which a thin (~10-20 m) YSZ layer serves as the electrolyte. The Ni-YSZ support layer is made from a composite NiO/YSZ ceramic, which is reduced to a Ni-YSZ cermet during stack initiation. Ni-YSZ is the preferred material for both the support layer and the fuel electrode due to its good electronic conductivity, chemical and structural stability, catalytic properties and compatibility with the other materials in the SOFCs [1] . In most cases, the layers are fabricated starting from powders (NiO and YSZ) that are sintered at elevated temperatures (>1200C). A significant porosity is needed in the finished electrode to allow diffusion of gaseous species to the electrochemical active areas. Porosity is created by the ~40% volume reduction associated with the reduction of NiO to Ni. 8 mol% Y2O3-doped ZrO2 is one of the compositions showing the best ionic conductivity [2] and is therefore commonly used in the active fuel electrode layer (i.e. Ni-8YSZ). 3 mol% Y2O3-doped ZrO2 has been demonstrated to possess higher mechanical strength [3] than 8YSZ and is therefore advantageous to use in the support layer (i.e. Ni-3YSZ).
A novel SOC support design based on a sintered porous 3YSZ support (i.e. without NiO) was recently proposed in Ref. [4] . In this design, the support can be placed on either the fuel or oxygen side of the cell, and the electronic conduction is obtained by infiltrating the support of porous 3YSZ with conductive materials, e.g. Ni or La0.6Sr0.4CoO3. A high porosity is required in the ceramic support in order to obtain electronic percolation in the infiltrated phase. Thus, as reported in [5] , porosities as high as ~50 % may be required for infiltration based electrodes. The initial results [Ref. 4] indicated that the novel support design possessed adequate mechanical and electrical properties (see reference [4] for more details), however a full mechanical characterization of the porous 3YSZ layers, e.g. measurement of fracture toughness was not carried out.
3
Materials designed for supports in SOCs environments require adequate mechanical properties at room temperature to tolerate handling during stack manufacturing. They must also withstand the mechanical stresses arising from both mechanical loading and thermal gradients during operation. The mechanical properties of the NiO-YSZ and Ni-YSZ cermets after reduction have been extensively studied in literature [6] [7] [8] [9] [10] [11] [12] . Radovic et al. [6] used the ring-on-ring method and fitted the Weibull strength-porosity data using a power law (such as eq. 12 in this work) for NiO-8YSZ anode supports. They obtained 0 =158
MPa and bσ =2.58 (R 2 =0.962) for unreduced and 0 =473 MPa and =5.12 (R 2 =0.965) for reduced anode material ( 0 is the strength of the non-porous structure, while is an empirical parameter, see below the Strength-porosity correlation chapter). The effective volumes of the data presented by Radovic et al. are reported in the paper of Nakajo et al. [13] . Frandsen et al. [8] obtained 0 =776 MPa (
) and =8 (R 2 =0.8) for NiO-3YSZ also using eq. 12 to anlyse the data. In Frandsen it was
proposed that the relatively stronger decrease of strength with increasing porosity was due to a loss of the phase transformation effect at higher porosities. This was however not investigated further.
The diminution of strength and Young's modulus as function porosity of NiO-YSZ and Ni-YSZ has also been investigated in other studies [6] [7] [8] and fracture toughness and subcritical crack growth in solid oxide cell anodes made of NiO-3YSZ or 8YSZ has been discussed in References 10-12. However, less data exist on the mechanical properties of pure and highly porous 3YSZ, which is the matter of this paper [14] .
Pabst et al. [15] has reviewed the literature on relationships between elastic modulus and porosity in ceramics. Many semi-empirical equations have been developed to model this relationship with primary success for isotropic materials having porosities between 10 and 40 % by volume [16] . These relationships do not adequately predict experimental data for materials with higher porosity (>0. 45 volume fraction) [15, 16] , where better predictive tools are still in need.
The ability of a ceramic material to withstand thermal stresses is directly proportional to its strain at failure [17] . Furthermore, strains, bending, and creep arising from thermal gradients, can occur at high temperature during SOC operation and cause failure in the materials and at interfaces between dissimilar materials. Therefore, strain at failure is also an important parameter to consider in design of SOFC anodes.
Rising fracture resistance with crack extension (R -curve behaviour) is a well-known behaviour for dense partially stabilized zirconia (PSZ), [12, [18] [19] [20] [21] [22] [23] . R-curve behaviour has been attributed to crack shielding 4 produced mainly by three different toughening mechanisms: transformation toughening, transformation induced microcrack toughening, and crack deflection toughening [24] . The transformation toughening effect is due to the fact that, at sufficiently high stress, metastable particles undergo a transformation from tetragonal to monoclinic, which is accompanied by a volume increase of 4% [24] . Since the transformation is stress induced, a zone of material containing transformed particles surrounds the crack tip after the critical transformation stress has been exceeded [25] . The non-linear stress-strain behaviour associated with the phase transformation and the different unloading stressstrain behaviour results in toughening as material points in the wake of the crack unload as the crack tip advances [25] .
Subcritical crack growth (SCCG) is another important phenomenon observed in YSZ well documented in literature [3, 6, [10] [11] [12] 26] . Generally, in truly brittle ceramic materials, crack growth occurs at a velocity that is on the order of magnitude of the speed of sound (fast fracture) after the applied energy release rate reaches a critical value ( ). However, in some materials, including ceramics, crack growth can occur at lower velocities and this phenomenon is called subcritical crack growth (SCCG) [27] [28] [29] . SCCG can occur in reactive specimens due to weakening of inter-atomic bonding at the crack tip by chemical interaction with the environment or by transport of molecules to the crack front [26] . A higher water vapour pressure in the environment increases the crack growth rate by favouring the cleavage of Zr-O-Zr bonds at the crack tip [3] . SCCG has been observed and reported in different YSZ composites relevant for SOFC [10] [11] [12] . Atkinson et al. [10] observed SCCG in tape-cast 8YSZ; while Goutianos et al. [12] reported the results of SCCG for NiO-3YSZ anode supports. Radovic et al. [6] studied the variation of the fracture toughness of NiO-8YSZ and Ni-3YSZ vs. porosity, but no indication of SCCG was reported, despite that the technique employed (double torsion method) enables detection of slow crack growth [30] .
In this work, we prepared structures with spherical pores formed by adding different amounts of PMMA (cf. the experimental section) to the slurries prior to tape casting. The obtained samples have porosities in the range from 1 to 57%. The strength and elastic modulus was measured and modelled as a function of porosity. A fracture mechanical investigation was also carried out involving examining for R-curve behaviour as well as SCCG.
Theory

Calculation of strengths
In the ball-on-ring method, which was applied here, the highest tensile stress appears in the bottom of the ceramic supports below the centre of the ball. This equi-biaxial stress is determined by the elastic small displacement solution for a homogeneous specimen as follows [31] :
where M is the maximum bending moment and h the specimen thickness. The maximum bending moment (M) is given by [31] [32]:
where is the load, the Poisson ratio, is the radius of the ring, the radius of the ball and the radius of the disk.
Weibull analysis and statistics were applied on the obtained strength data to evaluate the Weibull strength ( 0 ) and the Weibull modulus ( ) characteristic of the distribution of strengths over the ca. 30
samples investigated. The failure in a ceramic component occurs due to a significant flaw in the tensile stress region near the highest occurring tensile stress. The distribution of flaws results in a distribution of strengths for the different disks. The probability of failure in the Weibull distribution at a given stress is calculated by [33] :
0 is the Weibull strength in a reference volume 0 and is the Weibull modulus. Eq. 3 can be rewritten as
where σ max is the failure stress in a sample with an effective volume of Veff given by
Merging Eq. 4 and Eq. 5 provides Eq. 3. The effective volume corresponds to the volume of a uniaxially tensed specimen with equal probability of failure as the ball-on-ring specimen at the same 6 maximum stress. Inserting the stress distribution for the ball-on-ring specimen obtained in [31] into Eq.
5, the effective volume can be calculated. This was done analytically in ref. [34] and the equations there derived are used in this work.
Then the Weibull strength ( 0 ) and the Weibull modulus (m) is obtained by linear regression of the data to a linearized form of Eq. 4, see e.g. [8] .
Determination of Young's Modulus
The elastic modulus was also determined from the analysis of the ball-on-ring load-deflection curves.
The displacement field solution for the ball-on-ring problem is reported in Eq. 31 of ref. [31] . In particular, for 0≤r<b, the solution is: 
Where is the vertical displacement, is the radial coordinate, : radius of the ball, is the radius of the ring, is the radius of the sample, is Poisson's ratio of the ceramic specimen, ℎ is the thickness of the specimen, D is the bending stiffness of the sample and is the applied surface load from the contacting ball. A Poisson's ratio value of =0.3 was used in Eq. 6 based on the values reported in ref.
[35] for stabilized ZrO2-Y2O3 ceramics. In fact, in this paper, Poisson's ratios ( ) of 0.30 to 0.31 were found for stabilized ZrO2-Y2O3 ceramics increasing slightly with decreasing porosity. Thus we have assumed a constant value of =0.3 for all the samples here investigated. However, it should be noted, extrapolating from well-known porosity-Poisson's ratio correlations, e.g. see below Eq. 7 taken from ref. [8] [36] , that a decrease of the Poisson's coefficient to ~0.24 could be expected for high porosities in the range of 57%. 
The bending stiffness is defined as The piston displacement, which corresponds to the displacement at the centre of the disc ( = 0) is recorded in the experiments. The force applied ,F, equals 2 ( is assumed to be evenly distributed 7 surface load over the ball contact area [30] ) and Young's modulus, , can thus be determined from Eq. 6 and 7 to be: 
where / is the slope of the load displacement curve (for each of the samples).
An initial deviation from linearity in the load deflection curve, which is due to gradual establishment of full contact is disregarded when deriving E from Eq. 8.
Calculation of failure strain
The failure strain was calculated from the ratio between the Weibull strength ( 0 ) and Young's modulus ( ) of the specimens determined by ball-on-ring method:
Where 0 = = [31] .
Elastic modulus-porosity correlation
In the present work, the following two equations describing elastic moduli as a function of porosity were used to fit the experimental Young's modulus-porosity data.
where 0 is the elastic modulus of the fully dense material, is a fitting constant and is the porosity.
The exponential equation (Eq. 10) was proposed by Spriggs [37] and Rice [38] showed that the bE is related to particle stacking and pore shape in the "minimum solid area" model. The second model, represented by Eq. 11, was developed by Ramakrishnan and Arunachalam [39] for randomly distributed pores on the basis of the "composite spheres model" (CSM) [40] .
Strength-porosity correlation
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Accurate prediction of the fracture strength of porous ceramics in general requires that adequate information on pore shape and orientation are included, in addition to pore volume (fraction), as parameters as these influence the fracture strength-porosity relationships. The theoretical and experimental studies in literature can be divided in two main groups: a) those that consider only a pore volume fraction effect on strength [38] , and b) those involving also a pore structure (size and orientation) effect on the mechanical strength [41, 42] . Two different general approaches have thus been developed to explain or predict the fracture strength-porosity correlation in ceramic materials.
One approach [38] generally called the minimum contact area model (MCA), suggests that the strength of ceramics is dependent on the minimum contact area through the solid. According to this model, the mechanical strength decreases exponentially with increases in volume fraction porosity ( ) according to Sprigg's [37] :
where 0 is the strength of a fully dense material, while is an empirical parameter related to the minimum solid area and dependent on the pore structure [38] . In ref. [38] Rice showed that Eq. 12 can be applied for describing strength-porosity correlation for a wide range of different materials for which the decrease of strength with porosity is proportional to the decrease of elastic modulus with porosity according to the minimum solid area model. Eq. 12 does not consider pore interactions that occur at high porosity and it is therefore limited to a porosity range up to approximately 40% [43] .
In the second approach, referred to as the stress concentration effect model (SCE) [41, 42] , it is suggested that strength is dependent on pore shape and resulting stress concentrations. According to this model, the strength-porosity relationship for porous samples is given by a power-law type expression:
where the exponent is related to the pore structure (shape and orientation of spheroidal pores with respect to the stress axis) and on the Poisson's ratio of the material [41, 42] as given by:
9 where (z/x) is a shape factor, defined by the axial ratio of the substitutional spheroids; and 2 ∅ is the orientation factor, where ∅ is the angle between the stress direction and the rotational axis of the substitutional spheroid.
Calculation of fracture toughness
Calculation of fracture toughness from double cantilever beam (DCB) experiments
The chosen method for the fracture mechanical characterization is the double cantilever beam (DCB) method, where specimens are loaded with pure bending moments. In order to facilitate testing of the thin ceramic samples at hand, we use a test specimen configuration where a steel beam is bonded onto the ceramic as proposed in Ref. [12] .
In a DCB set-up subjected to pure bending moments, the strain varies linearly across the height (if the beams are a few times longer than their height). Under these conditions, the J integral, for plane stress, is given by Goutianos et al. [12] :
where 2 is the Young's modulus of the steel beams, is the width of the steel beams, is the applied moment and ℎ is the height of the purely ceramic part of the sample as defined in ref. [12] . Equation 15 is similar to the energy release rate formula for sandwich specimens of Bao et al. [44] . The nondimensional constant I0, which differs from that of Bao et al. [44] due to the different widths of the two materials, depends on geometry and elastic constants [44] :
where Δ is equal to:
with = ℎ and Σ ̅ = 1/ 2 , and where is the height of the steel beams, 1 is the Young's modulus of the sample and = / , where is the width of the ceramic layer. Finally, from the value of the integral at crack propagation the critical energy release rate, , can be calculated, taking into account that the energy is released from the beams of width B, but energy is consumed by the fracture process over the width of the ceramic sample only:
From under elastic conditions, the critical plane stress Mode I stress intensity factor can be evaluated by [45] :
Increase in fracture toughness from transformation toughening
The rising fracture toughness ( ) of zirconia ceramics is the result of a stress induced local martensitic transformation from tetragonal to monoclinic structure at the crack tip region. The tetragonal to monoclinic (t-m) transformation is accompanied by a volume expansion, which can be modelled as a non-reversible (history dependent), non-linear stress-strain law. The stress-induced transformation occurring at the crack tip produces a transformation zone of height 2 . In most of the mechanistic models of transformation toughening, the formation of the initial transformation zone at the tip of a stationary crack has no net effect on the toughness of the material [46] . However, as the crack grows, material unloading occurs in the transformed material behind the crack tip. It is the non-reversible stress-strain behaviour (the stress-strain relation during unloading differs from the stress-strain relation during loading) that a material point undergoes as it "passes by" the crack tip to the wake that lead to an increase in fracture toughness. The phenomenon of rising fracture toughness with increasing crack length is called R-curve behaviour [12, [18] [19] [20] [21] [22] .
The extent of the transformation at the crack flanks is important parameter, which depends on temperature, the amount and type of stabilizer used, and the size of tetragonal zirconia particles. The maximum capability of a material to exhibit transformation toughening can be expressed as a shielding stress intensity factor, ∆ , which is a function of the transformation zone shape, as evaluated by the parameter , and the zone size ( ). Thus, the increase in toughness from initiation 0 to steady-state, , resulting from stress-activated transformation, ∆ , is commonly given by an expression of the form [18] :
where is a factor depending on the zone shape at the crack tip and the nature of the stress field in that zone. is the effective modulus of the material, is the dilatational strain, is the transformed volume fraction of particles, is the width of the transformation zone from the crack surface (i.e., the half-height of the zone), and is the Poisson ratio. Different values for have been proposed depending on the elongation of the zone ahead of the crack tip [18] .
Phenomenological models of R-curve behaviour
When R-curve behaviour occurs, the stress intensity factor required for crack propagation, , can be written:
where 0 is the stress intensity factor at the crack tip of the existing flaw (crack tip fracture toughness) and ∆ (∆ ) is the fracture toughness increase that depends on the crack extension, ∆ . Evans [47] has suggested an empirical function to fit the R-curve:
where 0 = [ 1− ] 1/2 ; is another constant and the normalizing parameter is the zone width.
Here, we will treat Eq. 22 simply as an empirical function chosen to fit the R-curve.
Another empirical fit to R-curves was introduced by Shetty et al. [48] :
The parameter reflects the range of crack extension over which toughening effects should develop and saturate [48] . In other words, may be used as a rough measure for the size of the steady-state process zone formed behind the crack-tip during crack extension [49] .
Cook and Clarke used a simple power law [50] to describe the crack length dependence of fracture toughness while Munz and Fett in ref. [51] and Ramachandran and Shetty in ref. [48] employed exponential R-curve equations.
In this paper, in addition to the arctan model given by Evans [47] (Eq.22), we have used the model given by Shetty (eq. 23) [48] to fit the R-curve data.
Fracture strength-R-curve correlation
R-curve behaviour can cause crack growth to be initially stable followed by unstable crack propagation.
Unstable fracture occurs when the following two conditions are met [52] :
Thus, in case a material's R-curve behaviour is known (described in a mathematical form), it is possible to assess the critical stress ( ) and the critical crack length for instability ( 0 ) by simultaneously solving the equilibrium fracture (eq. 24) and the instability (eq. 25) equations. One example is given by
Heuer [52] . Heuer et al. resolved this system of equations in ref. [52] , by using the R-curve model given by Evans (arctan cruve of eq.22) in ref. [47] , and from the usual criterion for brittle fracture. The critical crack extension at failure is deduced to be:
where a 0 is the critical crack length for instability. The fracture strength ( ) is given by:
where can be assumed to be 1.2 for an elliptical crack. The exact form of the R-curve, ∆ (∆ ) , i.e., how rapidly the crack resistance increases with increasing crack length, determines the fracture strength [52] .
In this paper, we have used Eq. 22 and 23 to fit R-curve data and Eq. 26 and 27 to relate fracture toughness data from DCB with the fracture strength determined by ball-on-ring measurements allowing an estimate of the critical crack length and instability crack extension.
Conditions for stable crack growth in DCB
For the fracture mechanical testing method, the double cantilever beam (DCB) specimen loaded with pure bending moments, is independent of the crack length, ∆ , according to Eq. 15-19. It follows that = 0 (constant moment). This testing method will thus provide stable crack growth even in materials with constant fracture toughness. Crack growth will then take place in small increments. This will enable the measurement of the fracture toughness as a function of crack extension and thus facilitate the measurement of the entire R-curve from onset of cracking to steady-state cracking. This is the prime advantage of the DCB loaded with pure moments [53] .
Conditions for SCCG behaviour
SCCG occurs when the applied stress intensity factor necessary to cause crack initiation from a stationary sharp crack is exceeded. It can be different from , expressing the level below which to unload to arrest a propagating crack [11] . The applied stress intensity factor causing fast fracture (the crack grows at a velocity about a third of the speed of sound) is denoted by . Assuming a small scale transformation zone, the critical plane stress Mode I stress intensity factor can be determined under elastic conditions from [11] from Eq. 19. The stress intensity factor for fast fracture is, of course, higher than the critical stress intensity factor for crack initiation and crack arrest . The procedure to characterize the SCCG is given below.
SCCG is determined by applying increased bending moments to the DCB sample resulting in stress intensity factors larger than and observing the rate at which the crack propagates. After this the bending moments are decreased below . The stress intensity factor is then increased sequentially until and instantaneous failure is observed.
Experimental methods
Materials and processing
Porous 3 mol% yttria stabilized zirconia (3YSZ) supports (hereafter also called backbones) with different levels of open porosity (P0)(1 -57%) and closed porosity (Pc) were prepared by tape casting. An overview of the prepared samples and sample nomenclature is given in Table 1 . The tape casting slurries were made using ethanol as solvent and contained poly-methyl methacrylate as pore former (PMMA 7-10 µm from Esprix) and an in-house binder-dispersant system added to the 3YSZ powder (Tosoh Co.), as described in [4] . All the powders were used as-delivered, except for the BB010 formulation, where 50 wt% of the 3YSZ powder was pre-calcined at 1100°C for 2hs. Similarly, circular samples of tape cast NiO-3YSZ support layers were fabricated by punching and sintering to a diameter of ca. 25 mm and 300 µm thickness. The samples were reduced to Ni-3YSZ by exposure to an atmosphere of 9%H2-Ar at 1000C over 6h. In order to eliminate Ni and produce 3YSZ
backbones from reduced samples, some of these reduced samples were further exposed to concentrated nitric acid (70wt% concentrated HNO3 from Sigma-Aldrich) at room temperature under well-stirred conditions. The acid treatment resulted in complete removal of the Ni phase (based on weight changes), and the samples consisted subsequently of highly porous 3YSZ backbone. Respectively, 29 and 30 samples of the reduced and acid treated samples were fabricated and mechanically tested.
Microstructural characterization
The porosity and pore size distribution of the porous samples were determined by mercury intrusion using an Autopore IV 9500V1.05 from Micromeritics Instrument Corporation, Norcross, GA. Due to the uncertainty of the mercury intrusion porosimeter for highly dense materials, the porosity of the dense sample was measured on an AccuPyc-1340 Helium Pycnometer. Scanning electron microscopy (Hitachi TM1000 tabletop SEM) was performed on the sintered samples to investigate their microstructure. Prior to SEM investigation, the samples were vacuum embedded in Epofix (Struers, Denmark), ground and polished to 1 µm, and coated with carbon to eliminate surface charging.
Tensile strength by Ball-on-ring
Tensile strength was determined by the ball-on-ring method by means of an Instron testing machine (Model 1362 graded to 88R1632). The displacement is measured using an LVDT (linear variable differential transducer, range ± 50 mm, resolution ± 2.5 μm) located in the Instron drive unit. The diameter of the supporting ring was 16 mm, while the diameter of the ball was 3.96 mm. The loading speed was 0.2 mm/min.
Determination of Young's Modulus
The elastic properties of the specimens were determined by the impulse excitation technique [54] using equipment from IMCE NV, Genk, Belgium. Rectangular bars of 15 mm x 60 mm x 0.3 mm were laser cut from the sintered tapes. The tests were conducted in accordance with the procedure described in
Ref. [55] and in ASTM E 1876-99 standard. The ball-on-ring tests and IET measurements were performed at room temperature.
Fracture toughness by Double cantilever beam (DCB)
Rectangular specimens of 10 x 60 x 0.3 mm 3 with a central notch (25 mm long and 0.1 mm tall) along the biggest dimension where laser cut from the tapes. An additional micro-notch, needed to ensure that initial cracking take place in the middle of the ceramic layer, was introduced at the laser cut notch root with a steel blade. The experimental procedure for sample preparation follows that reported in ref. [12] .
The ceramic layer was placed inside the grooves of two steel beams and glued using ScotchWeldcTMDP460 from 3M as two-part epoxy adhesive to form the test specimen. The height, H, of the steel beams was 5.95 mm and the width, B, 4.85 mm.
The DCB specimens were loaded with pure bending moments, using a special fixture that consists of grips that lies on a base fixture [11, 12, 56] . The DCB specimen loaded with pure bending moments is a steady-state specimen, as under constant moments, the energy release rate ( ) is independent of the crack length ( ) as seen from eq. (15-19) [56] . Only the measurement of the applied moment is necessary to calculate .
The fixture was mounted on the XYZ stage of an optical microscope (DeltaPix, camera Infinity X-32) and thus by translating the stage in the specimen (XY) the crack growth can be measured by means of the optical microscope (Deltapix, Infinity X-32). The magnification used in the optical microscope was between 100-200X. All the tests were conducted at room temperature and in air.
Test procedure for measurement of the R-curve behaviour
The experiments were performed under displacement control (i.e. under a constant crosshead speed) to obtain stable crack growth. The crack length is recorded prior to loading. The load (P) is increased until crack growth is detected, then the specimen is unloaded, and the new crack length is measured. Then the load can be increased again until further crack growth has taken place, etc. The load at the onset of crack growth can be converted into a moment (M) and the critical energy release rate ( ) and stress intensity factor ( ) can be calculated following the equations (15) (16) (17) (18) (19) reported in the theory section.
The crack extension ( ) was measured by optical microscopy.
Test procedure for measurement of SCCG
First the DCB specimen was gradually loaded until a crack "popped in" at the root of the laser cut micronotch. The stress intensity factor at this first crack growth, from the rounded notch, is designated * .
Once a crack initiated at the micro-notch, it grew continuously if was not reduced. This is because * > , as mentioned in the introduction and explained in detail in ref [12] . Then, the specimen was partially unloaded (the applied decreased around 30%) to arrest the crack after it had grown approximately 250-500 μm (5-10 times the initial notch radius depending on the sample porosity). Then was increased until the crack grew again, which corresponds to , followed by a partial unloading ( was decreased about 8-10%). This procedure (the last two steps) was repeated eight times for each specimen. After the measurements of , the crack growth velocity as function of was measured on the same specimen. The loading procedure was as follows:
a) The applied was increased rapidly (at a rate of ≈6 J/m 2 /s) to a value larger than , for the specific specimen.
b) was kept constant for a time period ∆ti (typically 30 s).
c) The specimens were unloaded until < and the crack arrested.
d) The applied was held constant for a time period of ≈ 20 min.
During step b) the crack propagated (crack increment) a distance ∆ . Then the average crack growth velocity can be approximated as = ∆ ∆
. No significant decrease in applied was observed during crack propagation and no crack growth took place at < . The applied at step d) corresponds to an applied energy release rate smaller than the applied energy release rate required for crack arrest, . A relatively large time period was selected for this step in order to ensure that no SCCG takes place at the applied during this step. The estimated value reported in Table II is based on this time interval.
The procedure described above was repeated several times (usually at a larger than at the previous step) until the case where the applied caused fast fracture of the specimen. In this case the crack growth velocity was estimated by the remaining uncracked specimen length and time to failure. 
Results
Microstructure
Mechanical properties
Elastic properties and porosity correlation
In Fig. 2 
Biaxial tensile strength
The results for the biaxial tensile strength tests measured at room temperature using the ball-on-ring method are summarized in Table II and plotted in Fig. 3 . The calculated Weibull strength (0), Weibull modulus (m) and the effective volume (Veff) for the different samples were determined as described in refs [8, 31] The Weibull strength of the new 3YSZ anode supports (BB) is compared in Fig. 3 with data on the conventional NiO-3YSZ half-cells () and data on the conventional Ni-3YSZ supported cell (Red600C and Red1000C) reported in literature in ref. [8] , [9] and [13] respectively and obtained using similar test methodology. Fig. 3 ) using the conventional scaling law (see e.g. [8, 57] ). All these data are summarized in Table II and III.
The data in Fig. 3 and Table II Porosity,P (%) BB05-10 2G-DTU 2G-3YSZ(etch) NiO-3YSZ [8] Red600C [9] Red1000C [9] Model eq. 30 where Ni has been removed by etching (2G-3YSZ, etch), the porosity rises to 56% and the strength decreases well below the value expected for 3YSZ from extrapolating the trend of the pure YSZ samples to this porosity level (see Fig. 3 ). Red600C(Ni-3YSZ) [9] Red1000C(Ni-3YSZ) [9] Porosity, P (%)
Failure strain, e u (%) Fig. 4 shows the failure strain as function of porosity. The failure strain decreases with increasing porosity for the BB samples. In the low porosity range (0-15%) the decrease is stronger than above 15%.
R-curve behaviour and sub-critical crack growth in porous 3YSZ bodies R-curve behaviour
The variation of fracture toughness and SCCG as function of porosity for 3YSZ supports was determined by the double cantilever beam technique following the procedure described in the Experimental methods section and in ref. [11, 12, 53] .
In Fig. 5 the crack resistance versus crack extension is plotted for the investigated samples. As seen in Fig. 5 a distinct R-curve behaviour is found in the dense 3YSZ specimens (BB05), in BB06 (13% porosity), BB07 (46% p.), and for BB09 (47%p., 10wt% of 3YSZ fibres). R-curve behaviour was not observed in the porous BB08 and BB10 samples, which displayed sub-critical crack growth. obtained for BB10 and BB08 supports. Data of dense 8YSZ [10] and NiO-3YSZ [12] taken from literature are also included in Fig. 6 for comparison. The gap between and seems to increase for increasing porosities, as indicated by the lower slopes in Fig. 6 . 
Discussion
A. Elastic modulus
From the data in Fig. 2 it is possible to compare the elastic modulus of NiO-3YSZ half-cells () to the corresponding Ni-3YSZ half-cell after reduction (label; Red600C). The decrease in elastic modulus seems dominated by the associated increase in porosity after the reduction (from 13% to 30%) since the Ni-
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3YSZ point falls on the extrapolated trend from the NiO-3YSZ data. This later is in agreement with the results from ref. [58] . Table IV reports the parameters (bE and E0) of the models used for the fitting of experimental data and the correlation coefficients (R 2 ) for the 3YSZ samples. BB09 and BB10 data were not included in the fitting due to the different raw materials employed in the original slurries. Assuming 0 = 217 GPa from ref. [8] ( of BB05 with porosity <1% = 214 GPa, see Table II ) then the only adjustable fitting parameter used was , see Eq.10.
Elastic modulus-porosity correlation
It was found that standard models (e.g. CSM and exponential) predict the elastic modulus variation as function of porosity with good correlation coefficients in the 0-30% porosity range, with R 2 in the range of 0.9-0.92 (fitting curves are not reported in the paper), for both 3YSZ (BB samples) and NiO-3YSZ ()
data. This is in agreement with literature, since it has been demonstrated [7, 8, 10] that both the exponential (Eq.11) and the composite sphere model (Eq. 10) can give good fitting correlations for both
NiO-3YSZ [6, 8] and also for 3YSZ [7] in the 0 to 30% porosity range (see Table IV ). However, when the fitting was performed for the complete range of porosity, e.g. for the BB samples investigated here (0-54%), both models showed poor agreement yielding R 2 values of 0.8 and 0.67, for the exponential and the CSM model, respectively. [7] Model Material 3YSZ [7] Porosity range (0-10%)
3YSZ (BB samples)
Porosity range (0-54%) Weibull strength is the higher porosity of the investigated system (50% against 30%). However, if we compare in Fig. 3 the values of Red600C, Red1000C, 2G-DTU with the BB fitting trend, it is clear that the values of Red600C, Red1000C, 2G-DTU are also higher than the corresponding values in the BB trend at the same porosity (30%). In the case of Ni-3YSZ (2G-DTU) composites, the higher strength is probably due to the beneficial effect of the ductile Ni phase, as other authors have also pointed out [6] .
It is also interesting to compare the strength of NiO-3YSZ half-cells () with the corresponding Ni-3YSZ cermet after reduction (Red600C, Red1000C). Despite the increase of porosity from approximately 13% to 30%, the Weibull strength does not decrease as much as expected if only the porosity was increased of the NiO-3SYSZ samples. This latter is probably again due to the beneficial effect of the ductile Ni on the strength of the composite. In fact, ductile particles can cause R-curve behaviour due to crack bridging in Ni-3YSZ cermets, increasing consequently the strength. Crack bridging by Ni-metal bridges was found in Ni-3YSZ cermets in ref. [6] but the R-curve behaviour was not investigated .
For the samples of Ni-3YSZ, where Ni has been removed by etching (2G-3YSZ, etch) the porosity increases to 56 % and the strength decreases well below the corresponding extrapolated value for 3YSZ at this porosity (see Fig. 3 ). This behaviour could be due to pore interactions and intersections that may occur at this high porosity level [41] and also that the shape of the pores change on etching becoming less round.
It was found that the use 3YSZ fibres have no any beneficial effect in on the strength. In fact, the strength of BB09 is the lowest for all the samples with similar porosities (47-54%). A possible explanation can be found looking at the SEM image of BB09 reproduced in Fig. 1 . Inhomogeneity's are present in the microstructure due to poor fibre distribution, and this seems to lead to an accumulation of pores and defects and consequently to the formation of longer defects that can act as initial flaws during fracture.
Strength-porosity correlation
Fitting of the experimental strength data of the BB samples has been carried out using the exponential model (Eq. 12). Results are reported in Table V . As can be seen in Fig. 3 for NiO-3YSZ and 3YSZ (BB), the decrease in strength with porosity in the 0-30% porosity range is more pronounced than predicted by the exponential fitting curve (eq.12). This can be due to a decreased influence of transformation toughening with porosity, as reported in ref. [8] for NiO-3YSZ. From this, one single model covering all the porosity range (0-50%) inevitably provides inaccurate fitting. Improved correlations coefficients can be obtained dividing these models in two parts, one suitable in the range from 0 to 30 and the other one in the range from 25-50%.
Three new models are proposed here to take into account not only the effect of variations in Young's modulus, but also the decreasing impact of transformation toughening with increasing porosity.
The first model corresponds to a modified exponential model defined by the following equation:
where the constant is obtained by fitting. The modified SCE model has the expression:
where the constant is also obtained by fitting.
A third model is proposed based on the following equation:
where yo and and are fitting constants. Table V shows the correlation coefficients for the standard minimum contact area and stress concentration effects (SCE) models and also for the corrected models here proposed for strength values corresponding to at an Veff=1mm
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. The improved fit is evident when observing the correlations coefficients in Table V corresponding to the modelling equations 28, 29 and 30 in comparison to the standard models of eq. 12 and 13 for the same set of experimental data. We assume 0 = 05 (583 MPa) for 3YSZ samples and consequently the only adjustable fitting parameter used was for the exponential, SCE and CSM models and and the fitting constants for the modified fitting models (A, y0, c and k). Table V also includes the fitting results for the experimental data of NiO-3YSZ [8] . 
C. R-curve behaviour
Clear R-curve behaviour was observed for four of the backbone structures (Fig. 5) . The degree of toughening decreased with increasing porosity as indicated by the lower ∆ obtained for the most porous samples (see Fig. 5 ). The toughening mechanism stems from a local volume expansion in the material. However, the initial process zone at the tip of a stationary crack has no net effect on the toughness of the material before the material points begin to unload [46] . Indeed, it is the unloading (non-reversible stress-strain history) in the wake of transformed material behind the crack tip that leads to an increase in toughness.
When some of the material is removed and replaced by porosity (as is the net effect of increasing the porosity in the sample), a reduction in the volume fraction of the transforming particles ( ) and also a decrease in the effective Young's modulus ( ) is expected. On the other hand, an increase in the width of the transformation zone ( ) could be expected due to the decrease in Young's modulus ( ) of the material with porosity [59] . In fact, McMeeking [22] has pointed out that plays an important role in determining the effectiveness of the dilational strain produced by the zirconia phase on the matrix, i.e.
the back stress imposed on the transformation by the high , effectively lowers the transformation efficiency, thus reducing . All in all, following eq. 20, the effects of decreasing and dominates over the increase of with increasing porosity, leading to the observed decrease of ∆ . It is also evident from Fig. 5 that the crack-initiation toughness 0 decreases with increasing porosity. In the next section, a discussion on the variation ∆ and 0 with porosity and its implications on strength is presented.
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The R-curve behaviour observed in BB09 is similar that observed in the BB07 sample (the values of BB09 are identical to the values obtained for BB07 within one standard deviation). Hence, there is no beneficial effect of the fibres, which were a priori hoped to add a crack bridging improvement on top of the transformation toughening effect.
In Fig. 5 , the dashed lines represent "the best fit" of the arctan function (Equation 22). . This result is consistent with the experimental results reported here. In fact,
in Table V . This value is also consistent with 0 and ∆ reported in ref. [24] and in ref. [60] for Y-TZP. 
D. Strength-fracture toughness correlation
The analysis of R-curves can lead to the assessment of the strength of materials, as explained above in the Fracture strength-R-curve correlation paragraphs of the Theory section. Knowing the initial flaw sizes (a 0 ), it is possible to predict the instability crack extension (∆ ) and the strength ( ) by simultaneously solving eq. 24 and 25. This has been done by different authors, for example by Heuer et al. [52] leading to eq. 26 and 27.
We use this approach as follows:
As an example, for BB05, inserting a 0 = 60 µm and d=0.97 µm (Table IV) for BB05, BB06, BB07 and BB09, respectively (Table VI) .
Some of the estimated strengths fits very well with those obtained experimentally by the ball-on-ring method (BB05 and BB09) (see Table II for comparison), while others differ (BB06 and BB07) (18% and 13% respectively). We believe that this discrepancy is because of the lack of experimental points at the beginning of the R-curve, which could lead to misrepresentation of the initial steepness of the curve, as other authors have also pointed out [61] . In fact, the first part of the R-curve is not accurately measured in the present study. The first experimental points are obtained after a crack extension in the order of 100-200 µm (see Fig. 5 ), while, as can be seen in Table VI , the instability crack extensions are lower than 100 µm for all the investigated materials. Thus, future work should be directed to study the shape of the R-curve for small crack extensions (0 to 200µm). This might be possible introducing a procedure involving a heat-treatment after crack initiation to reverse the → transformation associated with the initial crack extension [18, 49] . Table VI summarizes the values of the instability crack extension and the strength determined by the above-mentioned approach. Fig. 7 . Additionally, the initial flaw size and instability crack extension are plotted as function of porosity in Fig. 8 . Fig. 7 shows that the strength follows an 38 exponential decay versus the initial flaw size (in agreement with ref. [52] ) and the instability crack extension. In addition, Fig. 8 shows that both flaw sizes (initial flaw size and instability crack extension) increase for increasing porosity.
As mentioned above in the tensile strength discussion section, the steepest slope in the strength vs. porosity curve (Fig. 3) is found in the low porosity range, i.e. from BB05 to BB06; a porosity increase of ~13% leads to a decrease in strength of 60%, while, for BB06-BB07, a porosity decrease of ~33% yields a decrease in strength of ~30%. This steep slope in the strength-porosity correlation at the low porosity range is higher than the slope corresponding to a material without R-curve behaviour, e.g. for a porosity change of 15% (from 6 to 21%) it is reported to have a decrease in strength of 30% for NiO-8YSZ [6] (~2.5)), as pointed out in [8] . This could suggest the presence of a critical porosity value ( ) corresponding to a transition in the strength-porosity correlation. For porosities below the critical value, the strength decreases with the decreasing trend of an un-toughened porous ceramic plus the reduction in strength originated by the reduction of the transformation toughening effect. After this porosity threshold, strength is affected by the porosity increase, probably with the same law of a typical untoughened porous ceramic, since the incremental toughness has not anymore a net effect in the improvement of strength.
E. Failure strain
The decreasing trend of the failure strain of 3YSZsupports (BB) in the 0-15 % porosity range in Fig. 4 is due to the steeper slope of the strength-porosity curve (Fig. 3 ) compared to that of the elastic modulusporosity one (b=8 > bE = 2) (Tables IV and V) . As mentioned above, this steep slope of the strengthporosity curve in the low porosity range can be due to a decreased effect of transformation toughening.
In ref. [6] , the reported values of b for NiO-8YSZ and Ni-8YSZ are 2.580.34 and 5.10.67,respectively.
We think that the high value of b (8) found in this investigation for 3YSZ samples can be ascribed to the increase in strength yielded by the incremental toughness from transformation toughening (improvement by R-curve behaviour), which is also in agreement with ref. [8] . This is particularly important for the dense samples (BB05). It is worthwhile to point out that in ref. [6] the fracture toughness of Ni-8YSZ is higher than that of NiO-8YSZ (KIC0 =7.52 ± 0.93 for reduced material and KIC0 = 2.54 ± 0.38 MPam 1/2 for unreduced anode material). The higher fracture toughness value of the reduced cermet could indicate the presence of crack bridging phenomena giving rise to R-curve behaviour which is possibly the reason of the increased b (7.52).
In the 20-50% porosity range the strain at failure is effectively constant reflecting that the elastic modulus and the strength scales similarly with porosity (b~=bE=2).
For porosities higher than 50% the variation of strength with porosity (Fig.4) seems again higher than that of the Young's modulus (Fig. 2) . At this porosity level in ceramic bodies some pore connectivity effect could be expected and be responsible of the further decrease of strength, e.g. for BB08 and 3YSZ etch samples. It is noteworthy that the failure strain of Ni-3YSZ (2G-DTU) is higher than that in the pure 3YSZ samples. This improvement in failure strain is ascribed to the ductile behaviour of the Ni metal in the composite, which could add a crack branching effect to transformation toughening, increasing the incremental toughness in the R-curve. This is in agreement with recent results by De Wei et al, [58] and previous findings by Deng et al. [14] . (R-curve behaviour for the composite Ni-3YSZ was however not investigated).
The peak in the failure strain in the BB09 sample could be due to the use of 3YSZ fibres in the original slurry. We speculate that the use of fibers (10wt% of the total 3YSZ) decrease both strength and modulus due interactions between the fibers and pores. Since the fibers in the tape casting composites have a random distribution, the interaction between the fibers and pores during the sintering process, may lead to voids, cracks and poor bonding between the fibers and the matrix. The effect of this voids might be more evident in the modulus, since the strength is favoured by the R-curve behaviour present in this material. A lower strength but a higher resistance to strains from thermal gradients is expected in this material, since the ability of materials to withstand thermal stresses is directly proportional to the strain at failure [17] .
F. Subcritical crack growth
For the most porous samples (e.g. BB08) R-curve behaviour was not observed. Instead SCCG was detected. However, in the BB10 samples, the U-shape of the of the crack growth velocity versus K curve could reflect an influence of R-curve behaviour on the subcritical crack growth. Such u-curve behaviour has been explained in detail in ref. [63] . The reason for the behaviour here might be a beneficial effect of the precalcined 3YSZ used in the BB10 samples, which can induce a transformation toughening effect, despite the high level of porosity. Furthermore, the presence of calcined 3YSZ grains could give rise to crack deflection during crack propagation, leading to a further increase in toughness and strength.
In fact, BB10, despite having similar porosity to that of BB08, shows a higher value of and consequently higher tensile strength.
Currently, there is a lack of analytical models for the experimentally obtained family of curves representing the variation of crack velocity in the subcritical region vs. applied stress intensity factor ( ) as function of porosity. The SCCG behavior of YSZ has been modelled by Atkinson and Selcuk by a power-law function [10] :
where and are fitting constants. For their data, corresponding to 8YSZ electrolyte, they obtained 20. Kumar and Sørensen [11] also fit their SCCG data for 8YSZ with the same function obtaining n50.
In the case of the NiO-3YSZ data reported in ref. [12] (15% of porosity), an value of 28 is reported.
Finally, for the porous 3YSZ support (54% porosity) here investigated (BB08), the value obtained by fitting the experimental data plotted in Fig. 6 in logarithmic scale is approximately 3. From this, even if some data are for 8YSZ and other for 3YSZ, it is clear that decreases with increasing porosity. A low indicates that the material is susceptible to slow crack growth over a broad range and a higher value conversely indicates susceptibility only over a narrow range. From the data in Fig. 6 it is also clear that at the same applied stress intensity factor, the velocity of SCCG of BB08 is higher than NiO-3YSZ. This is indicated by constant of eq. 31: 2.63E-05 m The disappearance of R-curve behaviour for the most porous samples could indicate that the autocatalytic process is time dependent as previously observed in the literature [64] but also dependent on the porosity/stiffness of the backbones. For the denser samples (BB05, BB06) the transformation occurs more or less instantaneously and R-curve behaviour is observed. For the more porous samples (BB08 and BB10) the transformation in the wake of the crack tip is slower due to the fewer twinning nucleation points (less transformable material) and the lower loading rate (tortuous path). Thus, enhancing the stress intensity factor induces a more rapid and more widespread autocatalytic process into the porous network, whereas a lower stress intensity factor allows the stresses to relax and less spreading to occur, which leads to the SCCG.
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SCCG also occurs in the NiO-YSZ samples studied by Goutianos et. al. [12] .Here the amount of YSZ is approximately the same, as a porosity of P=15 % corresponds to a 3YSZ density of 40 %. Also in this study no R-curve behaviour was observed. The NiO network could assist propagating stresses, but
would not be active in any autocatalytic process. This indicates that it is rather the amount of transformable material than the stiffness of the material, which determines the shift to the SCCG regime.
Conclusions
Several porous 3YSZ backbone structures were fabricated with porosities (46-54%) suitable for subsequent infiltration of an electrocatalyst. The measured mechanical properties of these highly porous 3YSZ supports were compared with available literature data for NiO-3YSZ, Ni-3YSZ and 8YSZ materials For ~50% porosity the porous backbones had a Weibull strength of ~149 MPa (Veff = 1 mm 3 ) (Table II) . New semi-empirical models building on a strength-porosity correlation (Eq. 28-30) that takes into account both the diminution in strength due to the decrease of transformation toughening and the decrease given by the Young's modulus are presented.
The influence of zirconia fibres and precalcined 3YSZ on the mechanical properties of porous 3YSZ anode supports was also investigated. The use of YSZ fibres increases the required failure strain but on the other hand it lowers the mechanical strength, while precalcined 3YSZ powder increase slightly the strength and the fracture toughness without affecting the value of the strain at failure. R-curve behaviour was observed and modelled for dense 3YSZ samples in samples with 13% and ~46 % of porosity. Hence, even in highly porous samples mechanical implications of a transformation toughening are observed. However, for the high porosities >46 % the toughening is not very effective in enhancing strength. From analysis of the R-curves it was found that even if the increase in porosity yields lower strength it has some beneficial effect on reliability via an increase in the flaw tolerance. However, for the structures with the highest porosities, exceeding 49% (BB10, 49%) (BB08, 54%) R-curve behaviour is replaced by subcritical crack growth behaviour. The crack growth rate of subcritical crack growth was also measured and modelled by Atkinson's empirical power-law, showing an increase in the rate with increasing porosity. From these results, we concluded that the porous 3YSZ support enhanced with precalcined 3YSZ should resist better the room temperature mechanical loading during handling and stack formation (higher strength), while the support enriched with YSZ fibres should withstand better the stresses arising from thermal loading on service (higher failure strain). Further investigations are 42 being carried out to develop a constitutive model for the assessment of the critical porosity value from which transformation toughening effect disappears. All in all, the data on the mechanical properties of porous 3YSZ supports compiled in this work suggests that indeed from a mechanical perspective impregnated 3YSZ supports can be an alternative to the conventional NiO-3YSZ anodes, due to their higher resistance to creep and thermal stresses.
